been shown that the doping is nearly optimal (p ≃ 0.18 − 0.19 holes/CuO 2 plane) and T c ≃ 80 K [3, 4] .
In our previous work on the CBCCO − 2 × n system, we investigated both the dependence of the critical temperature on n (for n ranging from 1 to 6) and the influence of the interfacial structural disorder, typical for these artificial structures, on the electrical transport properties [4, 5] . It was found that the critical temperature reaches the maximum value of about 80 K for n between 2 and 3. It decreases both for n larger than 3 and smaller than 2. Such an effect was explained on the basis of the structural disorder (especially effective for small n) and of the variation of the effective carriers concentration with n. Furthermore it was demonstrated that some peculiar features of the temperature dependence of the resistivity (its relatively high residual value, its pronounced rounding above T c and its saturation above room temperature) can be well explained by taking into account the role of the interfacial structural disorder that arises at the blocks interfaces [4] . Following this considerations, we believe that the role of the structural disorder is strongly reduced for the superlattices with thick IL blocks, negligible for the thickest ones.
In this paper we report on the investigation of the electrical transport properties of [BaCuO x ] 2 /[CaCuO 2 ] n superlattices having ultrathick IL layers. For this purpose we have grown many 2 × n superlattices having the same CR block, consisting of 2 epitaxial layers of BaCuO x , but different superconducting blocks containing (n + 1) CuO 2 planes [5] . We varied the number of CaCuO 2 layers per cell from 2 up to 15, keeping constant all the growth parameters and the thickness of the CR block of the superlattices. In this way we decreased the average doping level per CuO 2 plane inside the superconducting block, starting from the optimally doped CBCCO − 2 × 2 superlattice with T c around 80 K. An important experimental finding was that for n > 11 (corresponding to the critical value p ≃ 0.04 holes/CuO 2 plane) the critical temperature goes to zero and the resistivity versus temperature follows closely the behavior predicted by the variable range hopping mechanism.
Such a result indicates that the distribution of the charge carriers in the IL block is probably quite uniform without sizeable confinement at the interfaces between the IL block and the CR parent block. On the contrary, in the case of the charge localization at the CR/IL interfaces, one would expect a saturation of the critical temperature value for a sufficiently thick IL block (as in the case of twin-planes superconductivity [6] ). Therefore, starting from the optimally doped CBCCO − 2 × 2 superlattice we have systematically increased the number n of CuO 2 planes per cell, moving toward the underdoped part of the phase diagram and hence decreasing T c . In this way the doping level (per CuO 2 plane) becomes smaller and smaller, until a critical value of the IL block thickness is reached at which superconductivity disappears. We show that, for the 2 × 11 superlattice, the superconducting critical temperature tends to zero while R approaches the value of 25.8 kΩ close to the universal quantum resistance for the 2D Superconductor-Insulator (S-I) transition [7] . For n > 11 the R(T ) behavior was found to be of the insulator-type. The results obtained suggest that the S-I transition, occurring at n ≃ 11, can be explained within the fermionic scenario, where the insulating state of 2D electrons system is reached when the charge carriers density is so low that k F l ≃ 1.
B. Experimental results
Artificial structures with n ranging from 2 to 15 have been grown by PLD on SrT iO 3 (001) substrates. Two targets, with CaCuO 2 and BaCuO 2 nominal composition respectively, mounted on a multitarget system, were used. The oxygen pressure and the substrate temperature, during the deposition, were 1 mbar and 650
• C respectively. Further details on the growth procedure are given in Ref. [2] . Films have thickness ranging from 600 to 1000
A. The samples crystallographic structure were characterized by X-ray diffraction (XRD)
analysis. were deduced by a kinematical simulation of the diffraction spectra (full lines in Fig.1 ). This simulation is achieved considering that a two dimensional layer-by-layer growth occurs and that layers of mixed composition are corrugated to adjust the internal stresses. A random disorder is added to take into account the experimental dispersion in the amount of deposited material in each iteration [8] . In our simulations the random thickness fluctuations for each deposited layer is found to be indipendent from n. Furthermore a small decrease in the deposition rate during the growth has been considered in order to reproduce the drastic suppression of the SL ±3 and SL ±4 peaks. Such an effect is expected due to the progressive damage of the target surface during the growth. The agreement between the experimental data and the simulated spectra is very good. All the major features of the diffraction spectra are reproduced by the simulations.
Preliminary asymmetrical reflections XRD measurements, carried out at the European Synchrotron Radiation Facility, have shown that the in-plane crystallographic directions a, b of the superlattices are aligned with those of the SrT iO 3 (001) substrates with an uncertainty of 0.15
Resistivity measurements were performed by the standard four-probe dc technique. Contacts were made by silver epoxy directly on the substrate before the film deposition, in order to avoid any chemical reaction between the superlattices and the solvent utilized in the silver epoxy. The probe current density was about 100 A/cm 2 . The temperature was varied at a typical rate of 1K/min, with an accuracy of 10 mK. The sheet resistance R was calculated, for each superlattice, assuming the distance between two 2D successive conducting block layers to be equal to the specific modulation length Λ : R = ρ ab Λ .
The behavior of sheet resistance versus temperature is shown in Fig.3a 
C. Discussion
The first important finding concerns the charge carriers distribution over the IL block.
The disappearance of superconductivity for the samples with thick enough IL blocks indicates that the carriers are distributed quite homogeneously along the c−axis and that their density decreases increasing n. Assuming ρ(n) = ρ opt 3 n+1
, with ρ opt ≃ 0.18, one can estimate the critical doping value ρ(n = 11) ≃ 0.045 at which the phenomenon of superconductivity disappears. It is clear that this value is very close to the critical doping of the HTS materials (≃ 0.04). [11, 12] Another interesting aspect of our investigation is the new way to drive the system through the S-I transition: namely, leaving unchanged the overall number of carriers provided by the CR block, we have varied the effective carriers density, varying the number of "conducting" CuO 2 planes in the IL block.
The S-I transition has been widely studied during the last years in a variety of disordered and underdoped systems: in granular thin metallic film such as Bi, Sn, P b, Al [13] , and in high-T c cuprates such as irradiated Y − Ba − Cu − O and Bi − Sr − Ca − Cu − O [7, 14] , [19, 20] , ultrathin Dy − Ba − Cu − O films [21] . In this context it is evident that our superlattices are not the simplest objects for the study of such fundamental phenomenon like the S-I transition. Nevertheless they show some advantages relative to other systems. Namely, due to the complexity of the unit cells of the HTS materials, an evident ambiguity exists concerning the definition of the effective thickness t of the conducting layer necessary to calculate R . It can be seen that, in the case of many HTS compounds, the specific choice of the thickness of the conducting layer (either the whole unit cell that is the CR plus the IL block, or the IL block alone, or the single CuO 2 plane) can result in a large uncertainty in the R value. For instance, in the case of Bi 2 Sr 2 Y x Ca 1−x Cu 2 O 8 compound [16] the thickness t of the conducting layer has been chosen as the CuO 2 /Ca/CuO 2 layers distance (namely the half of c−axis lattice constant, t ≃ 15Å), instead in Ref. [18] t is equal to the c−axis lattice constant of Y 1 Ba 2 Cu 3 O 7−x (t ≃ 11.8Å). On the other hand, in the case of Nd 2−x Ce x Cu 1 O 4 single crystal [17] , t is the lattice spacing between CuO 2 layers (t ≃ 6Å). This ambiguity turns out to be crucial for the possibility of judging which type of scenario of the 2D S-I transition (bosonic or fermionic) is realized in practice [22] .
The first mechanism (bosonic), is based on the duality hypothesis. In fact, both classical and quantum fluctuations reduce the superfluid density ρ s and therefore, suppress the Berezinski-Thouless-Kosterlitz transition temperature T carrying the magnetic flux quantum Φ 0 = h/2e, are generated. The duality hypothesis [23] assumes that, at the critical point, the pair and vortex liquid density flows are equal, giving, for the conductivity the universal value, at the critical point:
The second, fermionic, mechanism of the S-I transition is related to the renormalization of the inter-electron interaction in the Cooper channel by the long-range Coulomb repulsion, specific to dirty 2D superconductors [24, 25] . As long as the correction to the unrenormalized BCS transition temperature T c(0) is still small, it is found that: This is why the precise evaluation of the experimental value of the sheet resistance is so important. In the case of our samples, with ultrathick IL blocks, the ambiguity in determining the conducting layer thickness is minimal. In fact, this ambiguity is of the order of the CR block thickness in comparison with that one of the much thicker IL block. Therefore the value of R ≃ 25 − 30 kΩ, found according to our experiments, is highly reliable and allows us to conclude that the observed S-I transition has a fermionic character. An additional argument in favor of this conclusion can be found in the logarithmic growth of the resistance in the metal phase of the 2 × (9 ÷ 11) samples (see Fig.5 ) which is coherent with the weak localization theory. 
